Objectives: To assess the changes in measures of fatigue after meals of varying composition, and to compare the relation of the fatigue with changes in the plasma tryptophan:large neutral amino acids (Trp:LNAA) ratio. Subjects: Sixteen healthy volunteers were recruited from staff and students at the College. Design: Subjects were tested for central and peripheral fatigue using a visual analogue scale,¯icker fusion frequency, grip strength, reaction time and wrist ergometry. In addition, plasma amino acid concentrations and Trp:LNAA ratio were determined. Measurements were made before, and at 1, 2, 3 and 4 h after drinking one of three liquid test meals. The meals were isoenergetic (1672 kJ) and were of mixed carbohydrate, fat and protein, or of pure carbohydrate or pure fat. Setting: Department of Human Nutrition. Results: Subjects consuming the pure carbohydrate meal reported more subjective feelings of fatigue and had slower reaction times. Aspects of central fatigue were greater in subjects consuming a pure fat meal. The Trp:LNAA ratio was depressed in those consuming a pure fat or mixed meal and raised only after pure carbohydrate. Conclusions: Central and subjective fatigue may be in¯uenced by raised plasma free tryptophan to competitor amino acid ratios induced by carbohydrate intake but other aspects of central arousal are affected by fat intake.
Introduction
Fatigue is an everyday experience for healthy people promoting rest, sleep and recuperation. Excessive fatigue however as a result of surgery or infection or as in the chronic fatigue syndrome is a debilitating part of a broader clinical picture (Christensen & Kehlet, 1993; Stokes et al, 1988) . It is a frequent clinical observation that patients receiving clinical nutrition support often`feel better' a short time after feeding begins. This effect is poorly understood and even less well quanti®ed. This is partly due to the dif®culty in taking reliable measurements of subjective sensations and partly due to the precept that nutritional intervention is primarily aimed at restoringamaintaining lean body mass. It is possible however that nutritional intervention may prove functionally bene®cial before changes in lean body mass are evident (Jeejeebhoy, 1988) .
The effect of carbohydrate and protein ingestion on selectively stimulating neurotransmitter synthesis due to changes in plasma amino acid levels is recognised (Growdon & Wurtman, 1979) . Some authors suggest that these effects could produce alterations in fatigue state (Rogers, 1995) (Newsholme et al, 1991; Spring et al, 1989) . In terms of functional performance, studies to date have not provided clear answers as to the role of nutrients. The acute effects of meals high in fat on increasing fatigue (Wells et al, 1995) in psychological and mood tests suggest that fat may induce fatigue while another study found that adaptation to a 70% fat diet led to signi®cant increases in endurance during cycle exercise (Lambert et al, 1994) . In addition, although carbohydrate loading can lead to increased exercise endurance (Rauch et al, 1995 ) the more acute intake of carbohydrate has been implicated in the genesis of post-prandial fatigue (Spring et al, 1989) . Taken together these ®ndings suggest that a centralaperipheral divide exists with respect to diet related fatigue and measurement of both is necessary for accurate assessment of the effects of food or speci®c nutrients on overall fatigue state. Peripheral fatigue is represented by impaired capacity to perform work, a de®cit illustrated in ergometry and muscle function tests. Central fatigue however is experienced more as a diffuse sense of weariness, originating at the level of the central nervous system (CNS). In practice the two combine to modify the subjects performance.
Studies into fatigue have for the most part focused on a single aspect of physiological or subjective fatigue and failed to re¯ect its multidimensional nature. This is due not only to the lack of adequate tools for investigation but also to the dif®culty in de®ning and separating the parameters to study. In this connection we have developed a series of functional tests of fatigue state to measure both the objective and subjective aspects of fatigue (Cunliffe et al, 1997) . Within the objective measures we have also distinguished between the central and peripheral components (Jones & Round, 1990) of fatigue.
From a nutritional and clinical point of view this area warrants further investigation, though few studies have fully addressed the functional as well as biochemical outcome of the ingestion of known types and quantities of macronutrient. In the present experiment we have employed the techniques we have developed in order to assess the effect of meals of varying macronutrient com-position on the different components of fatigue in healthy individuals while at the same time monitoring changes in plasma amino acids following the ingestion of the test meals.
Methods

Subjects
Sixteen subjects (students and staff aged 20±47 y; M:F 9:7) were recruited from the College, mean age 29.7 y and mean BMI 23.1 kgam 2 . The subjects were all in good health and receiving no medication or nutritional supplements at the time of, or in the week prior to testing. Ethical approval for the test procedures was granted by the East London and City Health Authority.
Protocol
Overnight fasted healthy volunteers were tested before and then at hourly intervals for 4 h after a test meal of known composition. The three test meals all contained 1672 kJ (400 kcal) energy and their composition was as follows. Pure carbohydrate meal (CHO) consisted of a pure maltodextrin solution (Maxijul; gift from SHS, Liverpool, England). Pure fat (Fat) meal consisted of a long chain triglyceride emulsion (Calogen; gift from SHS Liverpool, England). Control meal (Control) contained 55% of energy as carbohydrate, 15% of energy as protein and 30% of energy as fat, using the same sources of carbohydrate and fat. Protein used was concentrated whey protein and soy lecithin (Promod; Ross Laboratories, Columbus, Ohio, USA). The volume of each of the meals was approximately 200 ml, but volunteers were allowed free access to drinking water. Our preliminary investigation showed that most subjects were unwilling to ingest more than 400 kcal of the pure fat or pure carbohydrate solution. The energy content of the test meal is representative of a light breakfast.
Tests
The tests below were carried out in the order they are described. The same laboratory was used for each subject at each test. The lab had no windows and tests were carried out under uniform lighting conditions to ensure tests requiring visual perception (¯icker fusion frequency and reaction times) were performed under the same conditions for each subject and at each time interval. The time interval was 1 h between the start of each test session. Each test session lasted approximately 10 min. Care was taken not to disturb subjects during the test period and to conduct the tests in as standardised a manner as possible. Several subjects were used for more than one experiment, but with a minimum of one week between experiments.
(1) Visual Analogue Scale (VAS): A 13 (136100 mm line) item visual analogue scale (Lee et al, 1990) , validated against the Pro®le of Mood States questionnaire (POMs) and the Stanford Sleepiness Scale (SSS), was used to assess subjective impressions of fatigue. Each line had bipolar end anchors related to descriptors of fatigue obtained from content analysis of personal interviews with patients complaining of fatigue. The mean of the 13 items was used, a raised value indicating an increase in perception of subjective fatigue. (2) Flicker fusion frequency (FFF): This was used to measure central fatigue (Payne, 1982 ) (Holmberg, 1981; Simonson & Brozek, 1952) . The¯icker fusion frequency device was built at the College and comprised a binocular viewing piece containing four red LEDs connected to a circuit that could vary the¯icker rate of the LEDs between 18 Hz and 216 Hz. The rate was varied manually via a variable resistor operated by the experimenter. An override button allowed the experimenter to increase the rate of¯icker to maximum at any point in order to verify the validity of subject reports. The¯icker rate was started at 200 Hz and reduced gradually until the subject reported seeing¯icker. This was repeated three times and the average reading in Hz taken as their critical¯icker frequency for that test interval. Increasing fatigue is accompanied by reductions in FFF score, ie perception of¯icker is detected at a lower number of cycles per second when fatigued. (3) Visual reaction times (RT) (Cor®tsen, 1994) were measured using a computer generated change of colour from black to purple on a computer monitor screen. The program used to generate the screen colour change was written in BASIC at the Department and also recorded the time taken for the subject to react to the colour change by button pressing. Average readings were taken in seconds from ten consecutive reaction times to the stimulus at that test interval. Increasing values re¯ect a slowing of reaction time as a measure of central fatigue. (4) Grip strength (GS) readings (Klidjian et al, 1980) were taken from the non-dominant arm of the subject using a Takei T.K.K 5001 dynamometer. Tests were made with the subject standing and with the arm straight and by their side. The average of three consecutive grips in Kg force was taken as the grip strength for that test interval. Grip strength re¯ects voluntary peripheral strength during a brief maximal voluntary contraction, higher scores indicating more strength. (5) Wrist ergometry (WE) was carried out using a wrist exerciser constructed and validated at the College for a previous research project (Shaker, 1993) . Subjects placed their dominant arm in the exerciser with palm facing up. Using wrist¯exions and extensions the subject was instructed to raise and lower a weight (1.5 kg for females and 2.0 kg for males) in time with a metronome (69 beatsamin) until they felt they could no longer continue. Data was collected to data acquisition software as digital input and transferred to a spreadsheet for analysis. Results were taken as work done (Joules) for that test interval. Wrist ergometry is a measure of voluntary peripheral endurance. Decreases in work output re¯ecting increases in fatigability. (6) Plasma free amino acids: A 5 ml blood sample was taken from each subject before, and then four times at hourly intervals after each test meal, and analyzed using HPLC (Mann et al, 1988) . The gradient HPLC system used was a Kontron 325 (Kontron Instruments Ltd, Watford, Herts., UK). Samples were deproteinized then centrifuged at 3000 rpm for 15 min and supernatant was stored at 730 C until analysis. Amino acid derivatives were separated on a Hichrom Spherisorb ODS reverse phase column (15064.6 mm); Hichrom Ltd. Berks, England). The mobile phases used were: solvent A, a mixture of distilled deionized waterastock sodium propionatea acetonitrile in the proportions of 72a20a8 (vav); and solvent B, a mixture of distilled-deionized watera acetonitrileamethanoladi-methyl sulphoxide in the proportions 42a30a25a3 (vav). The¯ow rate and the percentage of solvents was similar to that reported by Mann et al, 1988 . Upon elution the amino acid derivatives were detected with a Kontron SFM 25 uorometric detector with an emission wavelength of 455 nm and an excitation wavelength of 360 nm. Amino acid concentrations were calculated from peak areas by reference to the area of the internal standard (homoserine). The different¯uorescent responses of the amino acids were determined from repeated runs of a standard mixture containing known concentrations of all the amino acids.
Data analysis
Data were expressed for each hourly test as the percentage changes from initial premeal readings onwards through the test period and presented as mean and standard error of the mean. The general linear model of the analysis of variance for unbalanced data was carried out to determine the effect of diet on the different tests (time, diet and subject were used as factors in the model). A one way analysis of variance was performed to assess the effect of time on each measure individually.
Results
Subjective fatigue (Figure 1 ) as indicated by VAS increased signi®cantly over time when all groups combined were analyzed (P`0.02). The percentage change in VAS (Figure 1 ) of the Control meal group increased by about 50% during the ®rst hour following which there were no further increases. In the CHO meal group, subjective fatigue showed a similar increase to that of the Control meal group in the ®rst two hours but, in the remaining hours VAS (%) increased by more than 100%, although this did not reach statistical signi®cance when considering the CHO meal group alone. The Fat meal group reported no changes in VAS during the ®rst hour, but following that their VAS (%) reached a value similar to that of the Control meal group (50%) though this was not statistically signi®-cant. It seems therefore that there is a delay before the onset of subjective fatigue following the ingestion of pure fat.
Thus overall, there was an increase in subjective fatigue and this increase was sustained in the Control meal group and delayed in the Fat meal group. There was a trend in the CHO meal group towards increased subjective fatigue, though this did not reach statistical signi®cance. The delay in onset of subjective fatigue in the Fat meal group led to signi®cantly lower readings compared to control (P`0.03).
Changes in central fatigue were assessed by the percentage changes in FFF (Figure 2 ). In the Control meal group the percentage change in FFF decreased slowly over the period of the experiment reaching 71.1(%), consistent either with no change or a small increase in central fatigue though this did not reach statistical signi®cance. However, both CHO and Fat meal groups showed a signi®cant rate of decline in FFF (CHO P`0.02; Fat P`0.001) over time reaching about 75.0(%). In terms of the effect of diet the FFF (%) of the Fat meal group was statistically signi®-cantly lower (P`0.02) than that of Control meal group indicating increased central fatigue.
With respect to central fatigue as indicated by reaction time (Figure 3) , it is clear that the Control meal did not result in any impairment in reaction time over the test period though the trend towards decreased reaction times (faster reactions) did not reach statistical signi®cance. The CHO meal group showed an increased (slower) reaction time during the experiment, while the Fat meal group did not seem to be affected. The changes in reaction time were signi®cantly different (P`0.001) between the Control and CHO meal groups. Thus, reaction time seems to be maintained or speeded by the Control meal, delayed by the CHO meal and unaffected by the Fat meal.
The brief maximal voluntary contraction as measured by Figure 1 Mean percentage change from baseline for visual analogue scores measuring subjective fatigue: vertical bars show standard error. The baseline before the carbohydrate meal was 1.97 AE 0.41 (cm); before the fat meal was 2.18 AE 0.36 (cm); before the control meal was 2.82 AE 0.47 (cm). * ANOVA Control vs Fat P`0.03.
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grip strength (Figure 4 ) decreased signi®cantly following the in the Control meal group (P`0.02) and slightly increased in the CHO and Fat meal groups, which appeared protective against the decline in power. This resulted in a signi®cantly stronger grip strength in the Fat meal group (P`0.002) compared with the Control meal group. The percentage changes in work done during wrist ergometry ( Figure 5 ) showed that all groups had a trend towards a reduction in work output one hour after meal ingestion and this was sustained throughout the period of the experiment. The effect of the three different meals on this type of more sustained work output seems to be similar because the reduction in work output was similar between all groups. No signi®cant difference over time or between groups was detected.
Total plasma free amino acids (TPAA: Figure 6 ) was taken as the sum of the following amino acids: aspartate, glutamate, asparagine, serine, glutamine, histidine, glycine, threonine, arginine, alanine, taurine, tyrosine, valine, methionine, tryptophan, phenyl-alanine, iso-leucine, leu- 
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A Cunliffe et al cine and lysine. In the Control meal group mean TPAA increased and peaked at 2 h. TPAA declined in the CHO meal group and remained relatively stable in the Fat meal group. The percentage change in TPAA was signi®cantly lower in the CHO meal group compared with the Control meal group (P`0.04). The uptake of tryptophan into the brain is known to be related to the tryptophan to competitor large neutral amino acid (LNAA:tyrosine, valine, phenyl-alanine, leucine and iso-leucine) ratio and this in turn can affect brain serotonin synthesis. Looking at the changes in the percentage of Trp:LNAA ratio, (Figure 7 ) it is clear that both Control and Fat meals caused a decrease in this ratio in the order of about 20%. However the CHO meal resulted in an increase in this ratio, especially in the ®rst 3 h. Thus, the percentage change in Trp:LNAA ratio was signi®cantly higher (P`0.001) in CHO compared with Control meal groups. This implies that in the CHO group tryptophan uptake by the brain was higher and as consequence serotonin levels may have been increased in the brain (Spring et al, Figure 4 Mean percentage change from baseline for grip strength measuring peripheral fatigue for brief maximal voluntary contraction: vertical bars show standard error. The baseline before the carbohydrate meal was 37.8 AE 3.86 (kg); before the fat meal was 37.3 AE 4.03 (kg); before the control meal was 35.7 AE 4.86 (kg). * ANOVA Control vs Fat P`0.002. 
Discussion
Subjective and central fatigue Subjective fatigue determined via the VAS was found to be highest in the subjects who had been given the CHO. Reaction times were also the slowest in this group and while there was a trend for¯icker fusion frequency to be lower in the CHO than the Control meal group this measure was affected more in the Fat meal group which showed the greatest reductions in FFF score. Reductions in the order of 5 Hz as seen 4 h after taking the Fat meal are comparable to those seen in diurnal studies after a whole working day (Simonson & Enzer, 1941) . It is possible that the signi®cant lowering of FFF in subjects who had the Fat meal represents part of a satiety like state (Hommer et al, 1985; Uvnas-Moberg, 1994) induced by the fat consumed and the subsequent production of circulating endogenous satiety factors. It seems clear that a mixed meal produces less Figure 6 Mean percentage change from baseline for total plasma free amino acids: vertical bars show standard error. The baseline before the carbohydrate meal was 3583 AE 505 (mM); before the fat meal was 3387 AE 385 (mM); before the control meal was 5237 AE 592 (mM). *ANOVA Control vs CHO P`0.04. 
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A Cunliffe et al fatigue than meals of pure carbohydrate or pure fat. This ®nding is comparable to studies showing that meals in which the macronutrient composition is similar to the subjects usual balance produce less decline in mood and energy ratings than unfamiliar high fat or high carbohydrate meals (Lloyd & Rogers, 1994; Wells & Read, 1994) .
Peripheral fatigue of volitional function
We used grip strength and wrist ergometry to test voluntary peripheral capacity. There were improvements in grip strength performance in both the CHO and Fat meal groups compared to Control, signi®cantly so in the case of the Fat meal group. This is interesting as it appears that the centrally fatiguing quality of fat ingestion is reversed with respect to brief maximal voluntary contractions. It has been suggested that some fatigue inducing factors may also increase tolerance to situations where muscular discomfort may be present (Segura & Ventura, 1988) . While no signi®cant difference was detected in voluntary endurance in the three groups during wrist ergometry, overall the Fat group had the lowest mean reduction in work output when considering all tests after meal ingestion, (76.9% for Fat compared to 79.9% for Control, and 711.9% for CHO). Endurance work is enhanced by motivation (Asmussen, 1979) and therefore both central and peripheral factors are also implicated in the changes in output in all forms of voluntary muscle function testing. Meal composition may affect substrate supply at a peripheral level but also perceptions about exertion and willingness to continue at a central level; the interplay between the two effects determines the observed performance. There does not seem to be an association between endurance and changes in plasma Trp:LNAA. Other factors related to glycogen storage and fat mobilization may be important.
Plasma amino acids
In the Control meal group, a rise in total amino acids was associated with a signi®cant fall in the Trp:LNAA ratio. This may be caused by the small quantity of tryptophan present in the protein used in the test meal (tryptophan 1.9 ga100 g; LNAAs 32.7 ga100 g, Trp:LNAA ratio 0.058). The CHO meal caused a decrease in total plasma free amino acids and this was accompanied with an increase in Trp:LNAA ratio. These may be caused by the action of insulin, which is known to increase following carbohydrate ingestion and to stimulate the uptake of branched chain amino acids by skeletal muscle. The fall in the Trp:LNAA ratio is less easily explained following the Fat meal, which is not likely to stimulate insulin secretion. Moreover, plasma free fatty acid is known to displace tryptophan from serum albumin, which is a carrier for both and we were measuring the free amino acid only. Whether the rises in the Trp:LNAA are signi®cant in terms of their relation to fatigue induction is dif®cult to determine. Subjective fatigue was most pronounced in the CHO meal group, though the most pronounced increase was seen at 4 h (105% from pre-meal value), while at this time the percentage increase in the plasma Trp:LNAA was less than a third of that noted at 2 h post meal, when subjective fatigue in the CHO meal group was comparable to the Control meal group. The maximal slowing of reaction time in the CHO meal group, again at 4 h post-meal suggests that if plasma amino acid ratios affect fatigue, there is a lag in the time to effect.
There has been much debate as to whether diet can affect neurotransmitter synthesis and therefore behaviour (Hollman & Studer, 1996) . Our data suggest that carbohydrate ingestion can indeed in¯uence the serum tryptophana competitor ratio, but that fatigue is also noted after a fat meal which does not produce this effect and is mediated in a different way.
The present study has shown that both subjective and objective measures of fatigue can be affected by changing the macronutrient composition of meals consumed. What is most interesting is that the components of fatigue appear to be affected in a non uniform manner by dietary manipulation, that is different manipulations produce different effects in subjective and objective measures of central and peripheral fatigue.
These ®ndings are not inconsistent with other studies which have shown that direct tryptophan administration (Lieberman et al, 1985) or administration of the 5-HT reuptake inhibitor¯uoxetine, (Rammsayer & Netter, 1988) resulted in increases in subjective fatigue but not in other functional correlates of fatigue.
Our data indicate that it is an oversimpli®cation to suggest that changes in amino acid ratios are the only mechanisms involved in the genesis of food related fatigue. With respect to the hypothesis that the rate of serotonin synthesis may be altered due to increasing the plasma ratio tryptophan:Sother large neutral amino acids, the functional outcomes of the ingestion of the meals in this study indicates that this may be a factor for some central processes when pure carbohydrate is taken, as shown by the increases in subjective fatigue and reduction in reaction times. However fat seems to play an important role in central fatigue too and this must be mediated by a different interaction of hormonal and neuronal responses to fat ingestion andaor absorption. One possible conclusion is that a mixed balanced meal of 1672 kJ has a small or possibly no effect on fatigue, whereas pure carbohydrate or pure lipid meals exhibit a more pronounced effect on fatigue. In summary, both fat and carbohydrate when taken alone can produce effects on measures of central arousal. The tendency for increases in central fatigue following fat ingestion are clearly not related to a rise in the Trp:LNAA. Changes in the plasma tryptophan to competitor amino acid ratio however could account for increases in subjective fatigue and reaction time following a pure carbohydrate meal. A study by Wells & Read (1996) suggests that time of day may be an important factor in determining the in¯uence of fat on alertness and mood. Fat taken in the morning, as in our study may have a more pronounced effect than later in the day. A physiological basis for the effect of fat ingestion on fatigue may therefore lie in a complex interaction of dietary intake and endogenous hormonal rhythms.
